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 Abstract: Transport phenomena in porous media are pertinent to thermal and 
thermochemical processes for power and fuel generation using concentrated solar energy. The 
porous media serve as insulator, radiant absorbers, heat exchangers, catalyst carriers, reactants, 
and/or reaction sites. Volume-averaging models for porous media, commonly applied for process 
simulations and optimization, rely heavily on the a-priori determination of their effective 
transport properties, which in turn depend strongly on the morphology of the porous media. 
A combined experimental-numerical methodology is applied to accurately determine these 
effective properties. The exact 3D geometrical structure is obtained by computed tomography and 
applied in subsequent direct pore-level numerical simulations of heat and mass transfer using 
Monte Carlo and finite volume techniques. Three examples of materials widely used in solar 
applications are selected: (i) a reacting packed bed of carbonaceous materials undergoing solar-
driven gasification; (ii) a ceramic foam for a solar pressurized air receiver coupled to a gas 
turbine; and (iii) an anisotropic ceramic foam for a solar H2O/CO2-splitting thermochemical cycle. 
A comprehensive characterization of morphology and heat/mass transport properties is 
accomplished via Monte Carlo and finite volume techniques.  
 




We consider solar thermal and thermochemical processes to generate electricity and (storable) 
chemical fuels [1]. In these processes, porous media serve as insulators, radiant absorbers, heat 
exchanges, catalyst carriers, reactants, and reaction sites. The analysis of the interactions between 
multi-mode heat transfer, multiphase flow, and chemical reaction on multiple scales is 
fundamental for understanding and optimizing these processes, but it is challenging because of 
the porous media’s inherent structural complexity and scale disparity. Therefore, multi-scale 
approaches using averaging procedures have been introduced [2]. Essentially, conservation 
equations valid in each continuous phase are spatially smoothed and effective transport properties 
are introduced to produce equations that are valid throughout the porous media. These properties 
are strongly dependent on the phase boundaries and, consequently, on the morphology, and are 
among the most sensitive parameters in volume-averaged models.  
A wide range of semi-empirical correlations for the effective heat and mass transport properties 
have been developed based on experimental fits and on simplified geometries. Previous pertinent 
studies on effective transport properties of foams and packed beds include the determination of 
the extinction coefficient, scattering coefficient, and scattering phase function for simplified 
geometries composed of pentagon dodecahedron or tetracaedecaedric [3], spherical voided cubic 
unit cells [4] and overlapping spheres [5-7]. The effective thermal conductivity has been 
determined for simplified geometries composed of tetrakaidecahedron [8], hexagonal [9], and 
spherical or cubical voided cubic unit cells [10]. Permeability has been determined by simplifying 
the foam or packed bed structure by parallel conduits [11]. Spectroscopy measurements were 
used for the determination of effective extinction coefficients, scattering coefficients and phase 
functions of foams and packed beds [12,13]. A steady-state radial heat flow setup was used for 
the determination of the effective conductivity of complex packed beds [14]. Correlations based 
on experimental conduction and convection were derived for alumina foams in water and air [15] 
and for foams and packed beds composed of spherical or non-spherical particles [16-18]. 
Similarly, permeability and Dupuit-Forchheimer coefficient were determined based on semi-
empirical models such as capillary or hydraulic radius models and Ergun’s model [19,20].     
A combined experimental-numerical procedure is adopted in this paper. The exact 3D geometry 
of the complex porous media determined by computed tomography is employed in direct pore-
level numerical simulations for the morphological characterization and determination of the 
effective heat and mass transport properties [21,22]. Two-point correlation functions and 
mathematical morphology operations [23] are applied for the morphological characterization. 
Collision-based Monte Carlo is applied to calculate distribution functions of attenuation path 
length and direction of incidence at the phase boundary which are used to determine effective 
radiative properties [5]. Experimental validation is accomplished by spectroscopic measurements. 
Finite volume techniques are applied to solve the mass, momentum and energy conservation 
equations for the conductive/convective heat transfer and flow characterization [13]. 
A short introduction to volume averaging theory and the CT-based methodology is given in 
section 2. The methodology used to obtain the exact 3D geometry is described in section 3. The 
methodology is then applied to three examples of multi-phase media relevant in solar power 
generation and fuel processing: (i) reacting packed beds, (ii) porous ceramics and (iii) anisotropic 
ceramic foams. 
 
2. Governing equations and methodology 
 
2.1. Definitions and assumptions 
The scalar quantity  for phase i can be expressed as summation of its average and its 
fluctuation, 
,  (1) 
where the superficial average is given by an integration over a representative volume V, 
. (2) 
The spatial averaging theorem relates the superficial average of the gradient of  to the gradient 
of its average by 
, 
where Aij is the phase boundary between phase i and j.  (3) 
The averaging volume V is assumed to be sufficiently large to include all typical morphological 
structures of the multi-component medium and sufficiently small as compared to the overall size 
of the multi-component medium so that and  are assumed to be continuous scalar and 
vector fields, respectively. 
 
2.2. Heat transfer 
The discrete-scale energy equations for each phase are spatially averaged resulting in continuum-
scale energy equations valid for the different phases. The resulting equations are closed by 
effective heat transfer properties such as effective conductivity, ke, when applying the 1-equation 
averaging model [2], and effective heat transfer coefficient, he, yielding  
,  (4) 
for the fluid phase of a two-phase (solid-fluid) media. For non-negligible radiative heat transfer, 
additionally, effective extinction coefficients, β, scattering coefficients, σs, and scattering phase 
functions, Φ, are introduced and used for the determination of the averaged radiative flux term 
present in the averaged energy equation. Detailed derivation of the radiative contribution by 
means of averaging of the radiative transfer equations (RTE) are given in [24]. The resulting 
averaged RTEs for a two-phase media composed of two semitransparent phases is given by 
 
,  (5) 
where I is the superficial average of the discrete-scale intensity. 
The effective radiative properties of the porous sample are determined by a collision-based Monte 
Carlo (MC) method, which calculates the discrete-scale distribution functions of attenuation path 
lengths and angle of surface incidence for each phase [5,25], which are directly related to β, σs, 
and Φ. 
ke is calculated by finite volume (FV) technique, which is used to solve the discrete-scale steady 
state energy equations for each phase in a 1D situation [21,22] obtained by solving the equations 
for a representative cubic sample with given inlet and outlet temperatures (T1,T2) and adiabatic 
lateral walls. The resulting quasi 1D heat flux,  
 ,  (6) 
can be related to ke by 
,  (7) 
where kf and ks are the discrete-scale conductivities of the fluid and solid phase, and Af and As the 
projected surface area of the fluid and the solid phase. 
Unstructured tetrahedral computational grids are commonly used for the complex morphologies 
of porous media, exemplary depicted in Fig.1 by a surface rendering of the 3D grid.  
he is calculated by FV technique, which is used to solve the mass, momentum and energy 
equations in the fluid phase of a representative volume of the porous sample with the appropriate 




Fig. 1. Surface rendering of an unstructured tetrahedral grid of a ceramic foam. 
2.3. Mass transfer 
The averaging of the pore-level momentum equation results in Darcy’s equation with the Dupuit-
Forchheimer extension [26]. The effective mass transfer properties, i.e. permeability K and 
Dupuit-Forchheimer coefficient FDF, are determined by solving the discrete-scale mass and 
momentum equations in the fluid phase of the representative volume of the porous sample 
followed by the calculation of the Re-dependent pressure drop in the sample, which is directly 
related to K and FDF. Additionally, dispersion tensor, tortuosity and residence time distributions 
can be calculated based on the calculated discrete-scale velocity field [22].  
 
3. Morphological characterization 
The derivation of the governing equations introduced in section 2 show that the effective 
transport properties strongly depend on the sample’s morphology. Computed tomography (CT) is 
used to experimentally obtain the exact discrete-scale geometry to be incorporated in the 
subsequent discrete-scale numerical calculations of the morphological, effective heat [21,22,27] 
and mass [21,22,28,29] transport properties of foams, fibers and packed beds. 
 
3.1. Computed tomography 
CT uses multiple 2D projections of an object to reconstruct its complete internal structure. 
Mathematical methods such as inverse Radon transform are used, in which the intensity data 
acquired by a detector at multiple tilt angles are used to determine the spatial (2D or 3D) 
distribution of the measured property. Attenuation, phase contrast or diffraction mode are used to 
inversely determine the distribution of the absorption coefficient, refractive index, and apparent 
scattering coefficient within the sample. Tomography techniques are classified according to the 




The data obtained by CT consists of 2 byte optical density values arranged on a 3D Cartesian grid. 
Multi-phase media are composed of different regions, each with a comparatively uniform optical 
density. These different regions, called phases, reflect the different components present within the 
material. In order to digitalize the geometry and to process with numerical calculations, these 
phases must be identified, thereby partitioning the grey-scale image into disjoint segments. 
Therefore, each voxel must be assigned to one phase. This process is called segmentation. The 
mode method, a histogram-based technique, is a widely used technique where a threshold optical 
density value for fluid-solid phase assignment is determined. A continuous boundary 
representation is obtained by subsequent 3D linear interpolation of the optical density values.  
 
3.3. Morphological characteristics 
Statistical (correlation) functions, namely, the two-point correlation function, 
, (8) 
are used for the determination of porosity, ε, and specific surface, A0, as s2(0) = ε and ds2/drr=0 =   
-A0/4 is valid [23]. Monte Carlo sampling is used for the determination of s2 [21,22]. 
REV is determined by calculating morphological, heat and/or mass transfer properties for a 
number of subsequently growing subvolumes in the sample until the determined properties only 
vary within a small band. For pore- and particle-size characterization and distribution calculations, 
the concept of granulometry is applied [30]. It is based on mathematical morphology operations. 
An opening, which consists of an erosion followed by a dilation with the same structuring 
element, is used to calculate the pore- and particle-size distribution. For a spherical structuring 





4.1. A reacting packed bed for the solar gasification of carbonaceous materials 
The solar gasification of carbonaceous materials (coal, coke, biomass, C-containing waste, etc.) 
for the production of syngas is obtained by an endothermic process, 
 .  (10) 
The process heat can be provided by concentrated solar energy, resulting in cleaner products since 
their energy content is upgraded by the solar input in amount equal to the enthalpy change of the 
reaction. The advantages as compared to the conventional autothermal gasification are fourfold: 
(i) the gaseous products are not contaminated by combustion by-products; (ii) the syngas output 
per unit feedstock is increased; (iii) the calorific value of the feedstock is upgraded; and (iv) the 
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Fig. 2. Photo (a), CT image of the initial (b) and final (c) state, and 3D surface rendering of the 
packed bed of carbonaceous material.  
 
Tomography-based images of the carbonaceous material (waste tire shreds, see Fig. 2a) at 
discrete time steps during the solar gasification reaction are used for the determination of the 
morphological and effective heat/mass transport properties. The CT images of the initial and final 
packed bed are shown in Fig. 2b and 2c and a 3D rendering of the final state is shown in Fig. 2d. 
The reaction conversion is characterized by the carbon conversion XC.   
Porosity calculations are fitted to a second order polynomial function 
,  (11) 
peaking at XC = 0.92 with ε = 0.90. Limitations in computerized tomography resolution shows to 
be the preliminary cause of discrepancies observed between experiments and numerical 
calculations, especially at larger reaction extent where nanopores are formed. 
Radiative characterization obtained by the collision-based MC shows an exponential increase in 
the effective extinction coefficient fitted to 
.  (12) 
The change is explained by the particle shrinking and break up, resulting in shorter attenuation 
path lengths. ke calculated by neglecting particle-particle contact resistances decreases with 
reaction extent due to larger porosity and smaller particle size. The evolution of highly porous 
particles during pyrolysis and the subsequent shrinking and break-up of the particles cause a 
decrease and re-increase in convective heat exchange shown by the calculated fits given in Table 
1. 
The same behavior is observed for FDF coefficient fitted to a function of the form 
.  (13) 
Largest K is calculated for the highly porous particles and decreases again for the final packed 
bed configuration. The calculated fit is given by 
.  (14) 
The variation of the complex morphology during the solar-driven gasification leads to significant 
changes in the calculated morphological and effective heat/mass transport properties and, 
consequently, to a more detailed knowledge of the reaction mechanism [32]. 
 
Table 1. Fitted Nu correlations for the packed bed at XC = 0, 0.68 and 1. 
 
 
4.2. A ceramic foam used in solar pressurized air receivers for CSP 
A solar receiver containing a ceramic foam is considered for concentrated solar power (CSP) via 
a Brayton cycle. The ceramic foam serves as a heat exchanger for heating pressurized air that is 
expanded in a gas turbine. The foam morphology (porosity, pore size distribution, isotropy etc.) 
influences the efficiency of the solar receiver by a great extent. Therefore, a CT-based 
determination of the morphological and effective heat/mass transport properties is of interest.  
Exemplary, the porosity, specific surface area, and pore-size distribution of a non-hollow SiSiC 
reticulate porous ceramic with nominal pore diameter of 1.27 mm are calculated. A photo, CT 
image and 3D surface rendering of the foam are shown in Fig. 3. The CT-based methodology is 
used for calculating β of the foam, which equals 431 m−1 and compares well to experimental 
estimates obtained with a spectroscopy measurement setup [13]. The scattering phase function 
shows an enhanced fraction of backward scattering for assumed diffuse surface reflection. The 
ratio of effective conductivity to solid conductivity for small ratios of fluid to solid conductivities 
converges to 0.022. A Re and Pr dependent Nu correlation is determined and converges to 6.8 for 
small Re numbers. Numerically determined K and FDF compare well to values available in 
literature for materials with similar morphology. 




Fig. 3. Photo (a), CT image (b) and 3D surface rendering of the porous ceramic sample. 
 
Reliable determination of the effective transport properties of ceramic foams are achieved and can 
be extended to foams with different morphologies, allowing for optimization of solar receivers for 
CSP. 
 
4.3. An anisotropic ceramic foam for a solar H2O/CO2-splitting thermochemical cycle 
The solar production of syngas from H2O and CO2 via a 2-step thermochemical cycle based on 
ceria redox reactions is considered [33], represented by: 
Reduction step (1800 K): 
,  (15) 
Oxidation step (1100 K): 
,  (16a) 
. (16b) 
Ceramic ceria foams, show in Fig. 4, with structural anisotropy due to uniaxial pressing (along 





Fig. 4. Photo (a), CT image (b), and 3D rendering of the ceria foam sample. 
 
CT-based calculations show enhanced extinction in z-direction because of squeezed pores 
resulting in shorter attenuation paths. ke in the x- and y-directions increase due to the more parallel 
alignment of the structures with the heat flux in these directions. he in z-direction is larger because 
of the more tortuous path for fluid flow, increasing the accessible surface area for fluid-solid heat 
exchange. Reduced K and larger FDF in z-direction are observed because of larger tortuosity along 
this direction.  
Studies on tailored foam designs, adjusted to the specific needs of the process in which the foam 
is applied, allow for foam engineering and consequently enhanced process performance.  
 
5. Conclusions and outlook 
This paper examined complex, chemically reacting multi-phase media used in high-temperature 
solar energy applications. The reliable determination of the morphological and effective 
heat/mass transfer properties, based on the exact morphology obtained by computed tomography, 
were presented for three examples of porous materials employed in solar processes for power 
generation and fuel generation. 
The CT-based multi-scale methodology enables in-depth understanding and reliable process 
modeling, which are required for optimization. Other energy-related fields of applications are 
insulation porous materials; enhanced electrodes and electrolytes for fuel cells; and 
semiconductors for thermoelectrical devices.  
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